New perovskite oxides SrFe 0.7 TM 0.2 Ti 0.1 O 3-δ (TM = Mn, Fe, Co, Ni, Cu) were synthesised by sol-gel processes. Their redox stability and conductivity in both air and 5%H 2 /Ar were investigated in details. The cubic perovskite structure was also observed for all dopants with variation in the lattice parameters associated with different dopant environments and charge compensation mechanisms. Improvement of the electronic conductivity over SrFe 0.9 Ti 0.1 O 3-δ was observed for all dopants in air, attributed to increasing charge carrier concentrations. Reduction in 5% H 2 /Ar exhibited minimal a material properties for SrFe 0.7 Cu 0.2 Ti 0.1 O 3-δ , with a significant reduction in conductivity was observed for SrFe 0.7 Mn 0.2 Ti 0.1 O 3-δ . All doped compounds exhibited a single phase cubic perovskite structure after reduction in 5%H 2 /Ar at 700°C with the exception of SrFe 0.7 Ni 0.2 Ti 0.1 O 3-δ and SrFe 0.7 Co 0.2 Ti 0.1 O 3-δ which displays secondary nickel and cobalt phases respectively upon reduction. SrFe 0.7 Cu 0.2 Ti 0.1 O 3-δ is redox stable at a temperature below 700°C and highly conductive with conductivities around 10 S cm −1 in both air and reducing atmosphere which are about five times higher than those of pure SrFe 0.9 Ti 0.1 O 3-δ . In terms of conductivity and redox stability, it is a potential redox stable electrode material for reversible and symmetrical solid oxide fuel cells as well.
Redox-stable and conductive oxide materials are very useful in application in anode materials for solid oxide fuel cells (SOFCs). Development of redox stable anode for intermediate temperature solid oxide fuel cells (IT-SOFCs) is very important for use as electrode for reversible or symmetric solid oxide fuel cells [1] [2] [3] [4] [5] [6] [7] [8] . The electrode materials for reversible and symmetric solid oxide fuel cells must be redox stable or redox reversible. They should exhibit high electrical conductivity in both air and reducing atmosphere [9] [10] [11] [12] . In the reported redox stable oxides, SrFe 0.75 Mo 0.25 O 3-δ is an excellent material with electrical conductivity of 50 S cm-1 at 850°C in dry 5 vol% H 2 /Ar [13] . This is slightly lower than those reported in the original report for Sr 2 Fe 1.5 Mo 0.5 O 6-δ [14] although different conductivity values were also reported indicating the conductivity of the materials is very much related to the synthetic history [13] . SrFeO 3-δ based materials are promising electrodes for solid oxide fuel cells. It has been reported that Fe-dope doped SrTiO 3 with composition SrTi 0.3 Fe 0.7 O 3-δ and SrTi 0.6 Fe 0.4 O 3-δ exhibit good anode performance for SOFCs when combined with Ce 0.9 Gd 0.1 O 2 [15] . Research into B-site doped strontium ferrites has concentrated on stabilisation of the cubic perovskite structure. Doping with cations with a similar oxidation state has also been shown to result in the formation of the cubic perovskite phase for SrFeO 3-δ through suppression of oxygen vacancy ordering [16] [17] [18] . This can be achieved through random distribution of dopant cations which either preferentially associate with oxygen vacancies [17] or which repulse oxygen vacancies [18] . Our previous research into titanium doped strontium ferrites, SrFe 1-x Ti x O 3-δ (x ≤ 0.3) indicating SrFe 0.9 Ti 0.1 O 3-δ exhibits desired conductivity and redox stability, reduced thermal expansion coefficient compared to SrFeO 3-δ , which is a promising redox stable anode for IT-SOFCs [19] . SrFe 0.9 Ti 0.1 O 3-δ was also reported as a good cathode for SOFCs [20] . It has been reported that good performance has been achieved when Sr 0.98 Fe 0.8 Ti 0.2 O 3-δ was used as electrode for SOFCs [21] . Cobalt-free perovskite oxide SrNb x Fe 1-x O 3-δ was a good cathode for intermediate temperature solid oxide fuel cells (IT-SOFCs) [22] . In our previous study, it was posited that minimal doping of SrFe 0.9 Ti 0.1 O 3-δ with cations with a lower oxidation state could be utilised to improve the conductivity whilst retaining the redox stability [19] . To this end a series of transition metal (TM) doped strontium titanium ferrites, SrFe 0. 7 O 4 Ti) (97%, Alfa Aesar) was dissolved in ethanol and the solutions were combined, whilst maintaining a 2:1 ratio of ethanol to distilled water. Citric acid (99 + %, Alfa Aesar) was added in a 2:1 ratio to metal ions and the solution was heated until gelation. The resultant gel was fired at 600°C for 2 h. A second firing at 1300°C for 3 h was then performed. Pellets of all the samples (ø ≈ 13 mm × 2 mm) were uniaxially pressed at 221 MPa and sintered in air at 1300°C for 2 h.
Analytical procedures
Phase purity and crystal parameters of the samples were examined by X-ray diffraction (XRD) analysis using a Bruker D8 Advance diffractometer (Cu K α1 radiation, λ = 1.5405 Å). GSAS [23] software was used to perform a least squares refinement of the lattice parameters of all the samples.
The densities of the pellets were determined from the measured mass and volume. Theoretical densities were calculated using experimental lattice parameters and the chemical formula SrFe 0.9 Ti 0.1 O 3-δ and SrFe 0.7 TM 0.2 Ti 0.1 O 3-δ (TM = Co, Cu, Mn, Ni). The relative densities were calculated from the actual and theoretical density values. The density of the pellets was 75-85% for all compounds.
Thermal analysis was conducted using a Stanton Redcroft STA 1500 Thermal Analyser between room temperature and 800°C with a heating/cooling rate of 10°C min −1 in either air or 5% H 2 /Ar with gas flow rates of 50 mL min −1 .
Conductivity testing
The pellets (ø ≈ 13 mm × 2 mm) were coated on opposing sides using silver paste and fired at 800°C for 1 h to get rid of binders. The conductivity of the samples was measured in the range 300°C to 700°C, with the exception of SrFe 0.9 Ti 0.1 O 3-δ in 5% H 2 /Ar which measured in the range 300°C to 600°C with a heating/cooling rate of 1°C min − 1 . Measurements in air and 5%H 2 /Ar were conducted using an D.C. method by a pseudo-four-probe method using a Solartron 1287 electrochemical interface controlled by CorrWare software with a constant current of 0.01-0.1 A, as described in previous reports [24] [25] [26] .
The temperature was digitally recorded in parallel with the impedance through an Omega HH506RA multi-logger thermometer connected to a computer [26] . The conductivity in 5%H 2 /Ar was measured after reduction the samples in the same atmosphere at 700°C for 10 h. Table 1 . As shown in Fig. 3 , a variation in the lattice parameters was exhibited which does not directly correlate with the variation in the average size of the dopant cations, with the lattice parameters reducing in the order Cu N Mn N Fe N Co N Ni. This is consistent to the trends of ionic radii for TM 2+ ions at octahedral sites [27] Fig. 4a . The weight loss at low temperature is related to the loss of adsorbed water and gases and that at high temperature is related to loss of lattice oxygen. Samples SrFe 0.7 TM 0.2 Ti 0.1 O 3-δ with TM = Fe, Co starts to lose oxygen at a temperature of~450°C whilst samples with TM = Mn, Cu starts to lose oxygen at~500°C indicating the latter is more stable in a reducing atmosphere. Sample SrFe 0.7 Ni 0.2 Ti 0.1 O 3-δ kept losing weight during the whole process, possibly related to the presence of SrO impurity (Fig. 1) . When stored at room temperature, the SrO may react with H 2 O to form Sr(OH) 2 which will decompose on heating. Another possibility is that, sample SrFe 0.7 Ni 0.2 Ti 0.1 O 3-δ tends to lose weight at lower temperature indicating it is the least stable one in the investigated oxides. Differential scanning calorimetry, Fig. 4b , reveals a reversible thermal effects for all compounds, observed between 600°C and 700°C on heating and between 750°C and 700°C on cooling. This could be related to the loss or lattice oxygen on heating and gain oxygen on cooling [8] . Phase transition is unlikely because the oxides already exhibit a highly symmetric cubic structure whilst high temperature phase transition in perovskite is normally from low to high symmetry at evaluated temperatures [30, 31] . Further investigation is required. x Co x O 3-δ increased when a large amount of cobalt was introduced in the solid solution [32] . Therefore it is also expected that sample SrFe 0.7 Co 0.2 Ti 0.1 O 3-δ may exhibit high electrical conductivity than SrFe 0.9 Ti 0.1 O 3-δ . As for elements Mn, Ni and Cu, they tend to exhibit lower state at high temperatures [33] . For charge balance, in samples co-doped with these elements, they can lose lattice oxygen to form more oxygen vacancies. This is likely to increase the oxygen ionic conductivity thus the total electrical conductivity increases as well. On the other hand, increase the charge of ion ions, say, more Fe n+ ions will exhibit the state of Fe 4+ will lead to increased electronic conductivity [34] . [35] suggests that the transition between semiconducting and metallic behaviour would still be observed for cobalt doped ferrites; however, the transition for La 0.8 Sr 0.2 Co 1-y Fe y O 3-δ occurs as higher temperatures than the measurement temperature range used in this study. In our study, it is difficult to obtain pellets with higher relative density by conventional sintering method because the pellets melt at higher sintering temperature. The relatively low relative density may affect the measured conductivity because of the existence of void in the pellets. In general, the measured conductivity is lower than the specific conductivity (conductivity of a fully dense sample) [36] [37] [38] [39] . In reported materials, difference between the measured apparent conductivity and specific conductivity is generally not big when the relative density is higher than 70% [37, 39] . As the density of our samples is over 70%, the measured conductivity is lower than specific conductivity but should be fairly close. (Fig. 6) . In contrast to the other doped compounds, SrFe 0.7 Co 0.2 Ti 0.1 O 3-δ exhibited an increase in weight loss, 6.4%, compared to that for SrFe 0.9 Ti 0.1 O 3-δ , 5.05%. The increased weight loss is likely indicative of reduction of cobalt at these temperatures. In general, in the presence of hydrogen, the oxides tend to lose weight at lower temperatures compared to those in air (Fig. 4) .
The conductivities of the transition metal doped samples reduced at 700°C in 5% H 2 /Ar are shown in Fig. 7 . The samples exhibited minor reductions in the conductivity, with the exception of the manganese (1) eV. The semiconductor-metal transition observed in air is also exhibited, albeit at higher temperature, from 560°C to 660°C upon reduction, suggesting that the conduction mechanism does not change. The reduction in conductivity is likely associated with a significant decrease in the charge carrier concentration, as a result of cationic reduction. This may intimate that manganese dopes as Mn
3+
, directly contributing to the charge carrier concentration in air, and not altering the charge carrier concentration through charge compensation mechanisms. Reduction of Mn 3+ to Mn 2+ upon exposure to 5% H 2 /Ar would reduce the charge carrier concentration, similar to the Fe 4+ -Fe 3+ transition. Significant reductions in the electronic conductivity is also observed for manganite perovskites, as a result of Mn
-Mn 2+ transitions [40] . It should be noted that the specific conductivities of the samples in a reducing atmosphere are expected higher than the measured apparent conductivity, as described above. Low relative density will not affect the application of these materials as electrode for solid oxide fuel cells or solid oxide electrolytic cells as the electrodes have to be porous to allow gas diffusion to the triple phase boundary to realize the electrochemical reactions on the electrodes [41] [42] [43] [44] . [45, 46] . The redox instability observed for the nickel and cobalt doped phase is likely due to the reducibility of the nickel and cobalt within the structure, further implied by exsolution of nickel metal. This has also been observed for other nickel or cobalt doped perovskite materials [47] [48] [49] .
GSAS [23] analysis of these compounds exhibits an increase in the lattice parameters for SrFe 0. Table 2 and plotted in Fig. 3 , which is indicative of partial reduction of the B-site cations. Compared to the lattice parameters for the oxides in air (Fig. 3) . The largest lattice parameter change was observed for sample SrFe 0.7 Co 0.2 Ti 0.1 O 3-δ , increased from 3.8673(1) to 3.8847(1) Å which is probably due to the reduction of cobalt and segregation of Co 3 O 4 in a reducing atmosphere. Sample SrFe 0.7 Co 0.2 Ti 0.1 O 3-δ also exhibited the largest weight loss on STA analysis in 5%H 2 /Ar (Fig. 6) . Whilst reduction would be expected to result in an increase in the lattice parameter, a minor reduction in the lattice parameter of SrFe 0.7 Cu 0.2 Ti 0.1 O 3-δ was observed. This is likely a result of the lattice shrinkage from oxygen loss and possible changes in the cationic coordination environment, overcoming the lattice expansion from cationic reduction.
In contrast to other dopants, sample SrFe 0.7 Mn 0.2 Ti 0.1 O 3-δ exhibits almost no change in the lattice parameters after reduction at 700°C. Whilst this would normally suggest minimal variation in the material properties, a significant variation in the conductivity is observed upon reduction. Cationic reduction is known to occur and therefore would be expected to induce lattice expansion. In this case a balance between lattice shrinkage and lattice expansion is posited to occur, resulting in the stability of the lattice parameter upon reduction.
An improvement in the stability and conductivity in both air and 5% H 2 /Ar of SrFe 0.9 Ti 0.1 O 3-δ was achieved through doping of copper and manganese, forming SrFe 0. 7 
Conclusions
The cubic perovskite structure was observed for all dopants for SrFe 0.7 TM 0.2 Ti 0.1 O 3-δ (TM = Mn, Fe, Co, Ni, Cu), with variation in the lattice parameters associated with different dopant environments and charge compensation mechanisms. Improvement of the electronic conductivity over SrFe 0.9 Ti 0.1 O 3-δ was observed for all dopants in air, attributed to increasing charge carrier concentration. Reduction in 5% H 2 The significant improvement in the conductivity and stability upon doping of SrFe 0.9 Ti 0.1 O 3-δ suggests that a more suitable parent compound may produce further improvements in material conductivity and stability. SrFe 0.7 Cu 0.2 Ti 0.1 O 3-δ are redox stable at a temperature below 700°C and highly conductive with conductivities around 10 S cm −1 in both air and reducing atmosphere which are about five times higher than those of pure SrFe 0.9 Ti 0.1 O 3-δ . In the investigated oxides, in terms of conductivity and redox stability, SrFe 0.7 Cu 0.2 Ti 0.1 O 3-δ exhibits promising properties for use as a potential electrode material for symmetrical/reversible SOFCs. 
